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Abstract: The design and ratio of the cortico-cancellous composition of allograft spacers are associated
with graft-related problems, including subsidence and allograft spacer failure. Methods: The study
analyzed stress distribution and risk of subsidence according to three types (cortical only, cortical
cancellous, cortical lateral walls with a cancellous center bone) and three lengths (11, 12, 14 mm)
of allograft spacers under the condition of hybrid motion control, including flexion, extension,
axial rotation, and lateral bending,. A detailed finite element model of a previously validated,
three-dimensional, intact C3–7 segment, with C5–6 segmental fusion using allograft spacers without
fixation, was used in the present study. Findings: Among the three types of cervical allograft spacers
evaluated, cortical lateral walls with a cancellous center bone exhibited the highest stress on the cortical
bone of spacers, as well as the endplate around the posterior margin of the spacers. The likelihood
of allograft spacer failure was highest for 14 mm spacers composed of cortical lateral walls with a
cancellous center bone upon flexion (PVMS, 270.0 MPa; 250.2%) and extension (PVMS: 371.40 MPa,
344.2%). The likelihood of allograft spacer subsidence was also highest for the same spacers upon
flexion (PVMS, 4.58 MPa; 28.1%) and extension (PVMS: 12.71 MPa, 78.0%). Conclusion: Cervical
spacers with a smaller cortical component and of longer length can be risk factors for allograft spacer
failure and subsidence, especially in flexion and extension. However, further study of additional
fixation methods, such as anterior plates/screws and posterior screws, in an actual clinical setting
is necessary.
Keywords: cervical spine surgery; allograft spacer; subsidence; finite element model
1. Introduction
The incidence of degenerative cervical spine diseases (DCSD) was varied from 1684 to 1767 per
100,000 population stratified according to disease codes in the Republic of Korea from 2012 to 2016 [1].
In the USA, the incidence of surgery for DCSD rose by almost 150% over the last three decades and
stabilized at slightly over 70 operations/100,000 people [2]. The mean age at surgery was 53.3 years,
and women underwent 44.4% of all cervical spine surgeries [2]. Anterior cervical discectomy and
fusion (ACDF) is a standard treatment for DCSD [3,4]. Instead of using tricortical autologous bone
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grafts and titanium polyetheretherketone cages [3,5–8], cervical allograft spacers have been commonly
utilized because of their absence of donor site morbidity and physical properties that are similar to
those of the natural vertebral body [3,9–11]. A few studies have examined the biomechanical stability
of allografts compared with autografts using cadaveric cervical spines; [10]. however, no study has
examined allograft spacers and the risk of subsidence on endplates.
From a biomechanical point of view, the design and ratio of cortico-cancellous composition
of allograft spacers have been shown to be associated with graft-related problems, including
subsidence and allograft spacer failure, leading to breakage and dislodging in clinical settings [12,13].
The present study used finite element model (FEM) analysis to investigate the associations of different
cortico-cancellous ratios of cervical allograft spacers with physical stress on the spacers and with
subsidence risk on the endplate and vertebral body in involved spinal segments. All experiments were
conducted under the condition of hybrid motion control, including flexion, extension, axial rotation,
and lateral bending.
2. Materials and Methods
2.1. FEM of an Intact Cervical Spine
A previously validated, three-dimensional, intact model of a C3–7 segment from a 54-year-old
male was used for the present study [14,15]. The geometrical data of the multi-segmental cervical
model were reconstructed from computed tomography (CT) images. Axial CT scans were obtained
with a slice thickness of 0.5 mm and a pixel width of 0.429 mm.
The material properties were selected from the published literature (Table 1). The detailed FEM
included vertebral bodies, bony posterior elements, intervertebral discs, and six major groups of
ligaments: anterior longitudinal, posterior longitudinal, ligament flavum, facet capsular, interspinous,
and supraspinous. The origins and insertions of these ligaments were obtained from a morphological
study. The spinal ligaments adopted the nonlinear load-displacement property for the physiological
nonlinear behavior of the ligaments [14,16]. The vertebral body consisted of an outer shell of high
strength cortical bone reinforced internally by cancellous bone and had an average thickness of
0.5 mm in both cancellous bone and endplates [17]. 3D hexahedral element (eight-node brick) were
used as vertebral body-disc structures and posterior element of which material properties were
assumed to be homogeneous and isotropic [18–21]. However, the structures of interface between
implant and vertebral body were remeshed to 3D tetrahedron (four-node brick) for element refining
at interest site. The region of interest between implants and the bone-implant interface was set up
using different element sizes that could be distinguished from other parts (implant and periphery,
element size = 0.5 mm; the others, 2 mm). Region of interest between implants and the bone-implant
interface were set up using different element sizes that could be distinguished from other parts
(implant and periphery, element size = 0.5 mm; the others, 2 mm) The mesh convergence in the present
study was decided among varying element sizes ranging from 0.5 to 2.0 mm. With an element size
of 0.5 mm, the peri-implant converged properly. Finally, a 0.5 mm element size was applied in our
surgical model for the translation of experimental results. No unusual stress patterns were observed in
this study for this setting.
The intervertebral disc was modeled as a fiber-reinforced structure surrounding the incompressible
inviscid nucleus pulposus. The reinforcement structure annulus fibers were modeled by truss elements
with modified tension-only properties, with an orientation of about 25◦ [19,22]. The facet joint was
oriented at 45◦ from the horizontal plane, where the initial surface gaps between each facet region was
assumed to be 0.5 mm based upon CT imaging. The facet joint was oriented at 45◦ from the horizontal
plane, where initial surface gaps between each facet region are assumed to be 0.5 mm based upon CT
imaging. The interaction of facet joints worked toward increasing the contact force with the narrowing
initial gap distance between the upper and lower facet surfaces [22]. The segmental angular measures
used to create the lordotic curve for the model were as follows: C3–4, 4.35◦; C4–5, 1.87◦; and C5–6,
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3.94◦ [23]. For this study, the general-purpose FEA package ABAQUS (Abaqus 2017, Dassault Systèmes
Simulia Corp., Providence, RI, USA.)- the non-linear geometry parameter (NLGEON=ON) in ABAQUS
step module was used.
Table 1. Peak stress levels of motion in the motion model.
Component Name Young’s Modulus (MPa) Poisson’s Ratio Ref.
Cortical bone 12,000 0.3 [22]
Cancellous bone 100 0.29 [18]
Posterior element 3.500 0.29 [16]
End plate 500 0.4 [19]
Annulus matrix 4.2 0.45 [19]
Annulus Fibers 500 Cross-sectional Area 0.1 (mm2) [20]
Nucleus pulposus 1.0 0.499 (Incompressible) [19]
2.2. Allograft Spacer Model
The geometries of a cortical cervical spacer (cortical only: CO; DCI Donor Services Tissue Bank,
Nashville, TN, USA), a cortical cancellous cervical spacer (cortical cancellous: CC; DCI Donor Services),
and a CornerstoneTM ASR (cortical lateral walls with a cancellous center bone: CLC; Medtronic
Sofamor Danek, Memphis, TN, USA) were constructed based on measuring the allograft spacer using
SolidWorks CAD drawings (Solidworks 2013, Dassault systemes Solidworks Corporation, Waltham,
MA, USA) (Figure 1, Table 2) and imported into Abaqus (Abaqus 2017, Dassault Systèmes Simulia
Corp., Providence, RI, USA) for meshing. The size of three different allograft spacers was meshed
0.5 mm. And then, the interface behavior, such as CC and CLC, between cortical bone and cancellous
bone of the allograft spacer was accomplished through a “tie” contact condition.Appl. Sci. 2020, 10, x FOR PEER REVIEW 5 of 12 
 
Figure 1. Design of allograft spacers. Length and position of allograft spacers. (A) Anterior cortical 
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Figure 2. Finite element model of allograft spacers with hybrid motion control. 
Figure 1. Design of allograft spacers. Length and position of allograft spacers. (A) Anterior cortical bite
positioning of allograft spacers (B) Types of allograft spacers: CO, cortical only; CC, cortico-cancellous;
CLC, cortical lateral walls with a cancellous center bone, in that order. (C) Schema of the nutcracker
mechanism upon flexion and extension in anterior cortical bite positioning of allograft spacers.
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Table 2. Cortical-cancellous bone ratio of allospacers.
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Then, each meshed spacer model was inserted into the C5–6 disc without plate fixation in the
previously constructed, intact cervical FEM. The spacers used for modeling were 11, 12, or 14 mm
in length, had 6◦ of lordotic angle, and were 7 mm in height, which best fit the vertebral anatomy
at the C5–6 level of the cervical model used in this study. The material properties of the allograft
spacers (cortical bone, elastic modulus (E) = 18,200 MPa, Poisson’s ratio (v) = 0.38; cancellous bone,
E = 389 MPa, (v) = 0.3) were measured on a donor femur according to previous research [24,25].
The devices were designed to be implanted via an anterior surgical approach, as recommended by
the manufacturer. By simulating this surgical procedure [26], the anterior longitudinal ligament,
the superior and inferior endplates, and the anterior and posterior parts of the annulus fibrosus were
excised. Then, the spacers were positioned at the anterior margin of the vertebral body (Figures 1 and 2).
Because our model aimed to simulate biomechanical behavior after bony fusion, specific corresponding
constraint conditions were set up, especially at the bone-implant interface. In this study, interface
behavior was accomplished through a “tie” contact condition, which enabled the allograft spacer and
vertebrae to be bonded together permanently with full constraint.
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2.3. Loading and Boundary Conditions
The inferior endplate of the most caudal vertebra (C7) was fixed i all degrees of freedom,
hile loads were applied to the superior nd late of the most c phalic vertebral verteb a (C3).
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The follower load allows each individual vertebra to be loaded in nearly pure compression. In the
present FEM, the intervertebral body was connected at approximately the center of rotation of vertebral
bodies C3 through C7 [27]. In loading control, pure moments of 1.0 Nm were generated by a force
coupled to flexion, extension, lateral bending, or axial rotation of the cervical spine.
A compressive follower load of 73.6 N was considered to approximate the head weight and local
muscle stabilization during daily activity (Figure 2) [14]. A hybrid protocol was used to predict range
of motion (ROM) at the surgical site and adjacent levels [28].
3. Results
3.1. Range of Motion
The validated ROM of our intact FEM model was within the acceptable range, compared with
cadaver studies [29,30] Upon flexion, the ROM at C4–5 was increased in all spacer models, compared
with that in the intact model. The ROM of C5–6 (fused segment) was significantly decreased in all
spacer models (Figure 3). Upon extension, when compared with the intact model, the ROM at the C4–5
and C6–7 segments was increased in all spacer models. The ROM of C5–6 was significantly decreased
in all spacer models. In axial rotation and lateral bending, when compared with the intact model,
the ROM at the C4–5 and C6–7 segments was increased in all spacer models. The ROM of C5–6 was
significantly decreased in all spacer models.Appl. Sci. 2020, 10, x FOR PEER REVIEW 6 of 12 
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Figure 3. Effects of different cervical allograft spacers on the range of motion, compared with that in an
intact model: (a) flexion (b) extension (c) axial rotation (d) lateral bending. * indicates fused cervical
segment with allograft spacers. CO, cortical only; , cortico-cancellous; CLC, cortical lateral walls
with a c ncellous center bone.
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3.2. Stress Analysis of Cervical Spacers with Different Cortico-Cancellous Ratios
In flexion and extension, von Mises stress increased as the length of spacers increased for all
types of allograft spacers. The CLC spacer demonstrated the highest stress among the three types
of spacers. In counterclockwise axial rotation, von Mises stress decreased as the lengths of spacers
increased. In right lateral bending, von Mises stress decreased as the lengths of the CO and CC spacers
increased. However, among CLC spacers, PVMS increased as the length of the spacer increased.
Stress on the anterior cortical portion increased as the length of spacers increased. The CLC spacers
demonstrated the highest stress on the anterior cortical portion among the three types of spacers in the
study. (Figure 4). The likelihood of allograft spacer failure was calculated on the basis of the yield
strength of the femoral cortical bone (107.9 MPa). The allograft failure risk was calculated using the
following formula [31]:
Failure risk =
Stress on the cortial portion o f allogra f t spacer
Yield strength o f Femoral cortical bone (107.9MPa)
× 100. (1)
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Figure 4. Peak von Mises stress (PVMS) on the allograft spacers and endplates under hybrid motion.
In flexion motion, the risk of allograft spacer failure was lowest for the 11 mm CO spacer
(PVMS, 48.04 MPa; 44. 5%) and highest for the 14 mm CLC spacer (PVMS, 270.0 MPa; 250.2%).
In extension, the risk of allograft spacer failure was highest for the 14 mm CLC spacer (PVMS: 371.40 MPa,
344.2%) and lowest for the 11 mm CO spacer (PVMS: 71.05 MPa, 65.8%). In axial rotation, the risk of
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allograft spacer failure was highest for the 11 mm CC spacer (PVMS: 317.20 MPa, 294.0%) and lowest
for the 14 mm CLC spacer (PVMS: 128.30 MPa, 118.9%). In lateral bending, the risk of allograft spacer
failure was highest for 14 mm CLC spacers (PVMS: 244.20 MPa, 226.3%) and lowest for 14 mm CO
spacers (PVMS: 150.20 MPa, 139.2%) (Figure 4).
3.3. Stress Analysis of Endplates of Involved Lower Cervical Segments
In flexion, von Mises stress increased as the lengths of spacers increased, especially at the
endplates around the posterior wall of the allograft spacers, and was most prominent in the CLC
spacers. In extension, von Mises stress increased as the lengths of spacers increased, especially around
the posterior margin of each spacer. In both counterclockwise axial rotation and right lateral bending,
von Mises stress decreased as the lengths of the spacers increased. In lateral bending, von Mises stress
was higher with CLC spacers than with other spacers. The likelihood of allograft spacer subsidence
was calculated on the basis of the yield strength of the cancellous bone of the C6 vertebral body
(16.3 MPa). The subsidence risk was calculated using the following formula [31]:
Subsidence risk =
Stress on the cortial portion o f allogra f t spacer
Yield strength o f vertebral body(16.3 MPa)
× 100. (2)
In flexion motion, the risk of allograft spacer subsidence was lowest for 11 mm CO and CC
spacers (PVMS, 1.41 MPa; 8.7%) and highest for the 14 mm CLC spacer (PVMS, 4.58 MPa; 28.1%).
The subsidence risk was highest for the 14 mm CLC spacer (PVMS: 12.71 MPa, 78.0%) in extension,
11 mm CO and CC spacers (PVMS: 2.71 MPa, 16.6%) in axial rotation, and the 11 mm CLC spacers
(PVMS 4.81 MPa, 29.5%) in lateral bending. Subsidence risk was lowest for the 11 mm CO and CC
spacers (PVMS: 2.39 MPa, 14.7%) in extension, the 14 mm CO spacer (PVMS: 1.76 MPa, 10.8%) in axial
rotation, and the 14 mm CO and CC spacers (PVMS: 1.13 MPa, 6.9%) in lateral bending.
4. Discussion
Graft failure with subsidence and breakage leading to non-union are major concerns in ACDF
surgery and have been shown to be associated with the use an autologous bone substitute, stand-alone
cages, allospacers, reinforcement with anterior plates and screws, and posterior fixation, as well as age
and other factors [13,15,32–35]. However, no study has analyzed associations of biomechanical stress
with cervical spacer design, length, and the ratio of cortical and cancellous portions of the spacers.
It is expected that the cortical and cancellous portions play a different role once they are fused after
insertion [10]. The cortical portion usually supports the endplates until the cancellous portion can form
a firm union of bone. It could be postulated that a larger cortical component could result in breakage
of allograft spacers or more subsidence into the vertebral body through the endplates if they fail to be
fused properly postoperatively because of the different properties of E and v of the allograft-cortical
bone and the cancellous portions of the recipient vertebral body [36]. Cortical breakage or subsidence
could then result in a decrease of disc height and lead to foraminal restenosis [37]. It is commonly
accepted that greater stress on the endplate and spacers and less contact with the surface of the
cancellous portion could lead to an increased risk of subsidence and delayed fusion [10]. In one clinical
study, CO-type allospacers, which have a smaller cancellous fusion bed, exhibited more breakage
and displacement with disc height loss causing fixation instability, compared with other spacers [13].
In our study, the smaller cortical portion conversely led to an increased subsidence risk and a relatively
higher risk of allograft spacer failure despite the wider fusion bed of cancellous bone, especially upon
flexion and extension.
We analyzed the results of predicted FE study using von Mises stress. The reasons are as follows:
Generally, stress has direction, but von Mises stress is scalar and not a vector. Therefore, it is easy to
analyze stresses in various directions, such as principal stress, at complex loading on the human body.
Additionally, the von Mises is a theoretical measure of stress used to estimate yield failure criteria and
is also popular in fatigue strength calculations. While significant differences in von Mises stress on
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different types of spacers and endplates were noted (Figure 4), the results did not fall in line with our
initial hypothesis that longer spacers could supply a wider surface area of stress distribution and result
in less von Mises stress on allograft spacers and endplates. The longer spacers showed a higher level of
concentrated stresses on the posterior wall of the allograft spacers and in the contacted endplate area in
flexion and extension. This could be explained by the nutcracker mechanism with anterior cortical-bite
positioning of allograft spacers (Figure 1), wherein the longer spacer exerts greater compression force
at the posterior margin of the allograft spacer and contacting endplate, as well as greater posterior
shear force from the superior anterior corner to the inferior posterior corner of the allograft spacer.
This could lead to allograft spacer failure or graft subsidence, even though it is known that posterior
endplates are stronger than the anterior component [38]
The ROM in all motion modes was easily understandable because of the decreased ROM in the
fused segment of C5–6 and increased ROM in the adjacent C4-5 and C6–7 segments. The longer spacers
produced greater stress on the endplate and posterior complex of the vertebral body in flexion and
extension. Along with higher preloading on the distal cervical segment, this increased stress could
play a role in increased subsidence and result in a decreased ROM relative to the intact segment of
C6–7. This needs to be clarified in further research.
This study had a few limitations. This study was designed only for allograft spacers and
vertebral bodies without additional fixation methods, such as anterior plates and screws, lateral mass
screws, or pedicle screws [15,31]. However, using our basic stress analyses on allograft spacers and
endplate-vertebral bodies for spacer composition and length, a series of biomechanical studies will be
performed with variable fixation methods, spacer sizes, and cervical sagittal alignments. Also, the ROM
of the intact model was compared with that previously reported by Ivancic and Panjabi et al [29,30].
This approach confirmed that the kinematics of the developed FEM reflect real soft tissue functions.
However, in our study, we calculated the distribution of stress on endplates, which is a different context
for the use of this FEM. Therefore, this study could lack sufficient evidence in support of the validation
of this FEM. Nevertheless, in many biomechanical studies, ROM was utilized to validate and verify
models, as well as to predict stress and forces reflective of real-world settings [39–46]. Considering the
relative comparisons between the design and lengths of the allograft spacers, the results in the present
study could be helpful to understanding the biomechanical differences between allospacers.
This study could help to decide the best combination of surgical approach and type of allograft
spacer depending on a patient’s conditions. As a potential ethnic anthropometric limitation, the FEM
model was designed for the average Korean, middle-aged male, and Caucasian individuals tend to
have larger profiles than Koreans [47,48]. Additional analysis on post-menopausal women with weaker
bone quality is ongoing and will provide a better understanding of biomechanical properties in that
clinical settings.
5. Conclusions
Smaller cortical portions and longer cervical spacers could be risk factors for allograft spacer
failure and subsidence, especially in flexion and extension, in an allograft spacer only model. However,
further study in combination with additional fixation methods, such as anterior plates/screws and
posterior screws, in an actual clinical setting is necessary.
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